This invention relates to a method and device 


Field of invention 



estructive testing of details, 


machine units and mechanisms, various materials, and in particular to a method 
and device for non-destructive determination of residual stresses which is based on 
optical holographic interferometry technique. 

Background 

Optical holographic interferometry technique is well suited for non-destructive 
testing of internal defects in blocks and units of machines and devices, welded 
seams, as well as measuring stresses of an object during the object's work load and 
residual stresses caused by technological processes of welding, forging, soldering 
etc. These applications are useful for fields such as offshore oil industry, shipping 
industry, process industry, air industry, and all types of constructions where 
strength is vital or fatigue may cause a problem. 

An example of the state of the art for measuring residual stresses in an object by 
holographic interferometry is given in the journal: "Welding Engineering" 1983, 
vol. 12, p. 26-28. The article describes a typical device and method for measuring 
residual stresses which is based on drilling a small and shallow hole in the object 
for release of stresses as well as holographic interferometry technique for 
determination of surface displacements in the object at the edge of and in the 
vicinity of the drilled out hole. The principle of the method can be described as 
follows: First, a hologram of the investigation area of the object which is it's initial 
state is recorded and developed on a registering medium. Next, the residual stresses 
in a point of the investigation area of the object is released by drilling a small hole 
in the object. Then the registering medium with the developed image of the 
investigation area in the initial state and the investigation area of the object with 
the drilled out hole are simultaneously illuminated by the reference and object 
beams respectively. The components of the residual stresses is determined from the 
interference pattern which occurs in the hologram. 

This device and its operation stages are shown schematically in Figs. 1-3. The 
means for formation and registration of holograms from an area of the object (10), 
as well as for formation of an interferogram from this area after release of residual 
stresses at the investigation point (14) of the object, is given schematically as an 
optical block with reference number (1) in Figs. 1 and 3. The block contains a 
coherent light source (2), a holographic interferometer with optical elements (3-4) 
forming a reference beam (5) and an object (6) beam, and a recording medium (7). 
All components are rigidly connected with regard to each other. The optical block 
contains also a response part (8) of a precision device for fine positioning of the 
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optical block on the object (10) above the area which is to be investigated (a 
corresponding receiving part (9) of the precision device is fastened on the object 
(10)). Means for drilling a hole at the investigation point (14) is given 
schematically as a mechanical block (1 1) in Fig. 2. Typical dimensions of the hole 
5 1-3 mm in diameter and the depth are up to 1 .5-2.0 times the diameter. In addition 
there are an apparatus for displaying and observation of the interferograms (in this 
case, a TV-camera (12) and a display screen (13)). 

The operation of the device can be divided into three stages. The first stage is the 
registration of the hologram from the investigation area of the object; the second 
10 stage is the release of the residual stresses in the investigation point of the studied 
area of the object; the third stage is the formation of the interferogram from the 
studied object area and the determination of residual stresses in the point of the 
studied area. Let us consider the device operation stage by stage. 

The first stage . 

15 First, the receiving part (9) of the precision device is fixed on the investigation 
area of the object (10) (see Fig. 1). Then, the optical block (1) is installed above 
the investigation area of the object (10) by attaching the response part (8) of the 
precision device into the receiving part (9), and a hologram from the investigation 
area is registered. This is made in the following way: 

20 The beam from the coherent light source (2) is expanded by the micro-lens (3). One 
part of the expanded beam is reflected by the mirror (4) towards the recording 
medium (7), this part is usually named the reference beam (5). The other part of the 
expanded beam hits the investigation area (14) of the object and reflects therefrom 
towards the recording medium (7). This part is named the object beam (6). When 

25 the object beam meets the reference beam, an interference occurs and a holographic 
image of the studied area of the object is formed. This image is registered and 
developed by means of the recording medium (7). 

After development of the holographic image, a hologram of the studied area can be 
restored (i.e. the light wave scattered from the investigation area of the object is 
30 restored behind the recording medium (7)). For this purpose, it is necessary to 

illuminate the registering medium (7) (which contains the developed holographic 
image) with the reference beam (5). 

The optical scheme is designated in such a manner that it has maximal sensitivity 
towards normal displacements of the surface of the object. 
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After finishing the holographic image registration of the studied area, the optical 
block (1) is removed from the object surface. 


The second stage . 

The mechanical block (1 1) is installed on the studied area of the object (see Fig. 2) 
and, with its use, a small and shallow hole is drilled at the investigation point (14) 
of the object (10). The surface of the studied area is deformed in the vicinity of the 
hole due to release of residual stresses nearby the hole edge, and the normal 
component of the surface displacement at the hole edge is measured. 

The third stage . 

First, the optical block (1) is extremely precisely reinstalled in the original position 
which it had at the first stage of the measurements (see Fig. 3) by using the 
precision device (8, 9). The error of positioning should be less than one 
wavelength. Then, the illumination of the recording medium (with the developed 
holographic image of the studied object area in its initial state) by the reference 
beam (5), and illumination of the studied area with the drilled out hole by the 
object beam (6) are performed simultaneously. 

Thus, two light waves scattered from the investigation area of the object will 
simultaneously be behind the recording medium (7). One of which corresponds to 
the light wave scattered by studied area of the object in its initial state (before 
drilling the hole), and the other to the light wave scattered by the studied area of 
the object with the drilled out hole. As a result of the interference of these light 
waves, an interferogram (15) of the studied area is formed (see Fig. 3) which can 
be observed, for example, with a TV-camera (12) and displayed by suitable mans 
(13). From the interferogram one can determine the normal components of the 
surface displacement at the hole edge. In any considered direction, for example, 
along the X-axis, the normal component of the surface displacement (W x ) at the 
hole edge will be equal to the number of interference fringes (N) (observed in the 
chosen direction), multiplied by one half of the wavelength (L) and divided by the 
sine of the incidence angle of the object beam (6). The residual stresses can be 
calculated by using the measured values of the normal component of the 
displacement at the hole edge. This may be performed in the following way. 

In the case of a welded seam, for instance of an aluminium plate, the main residual 
stresses Q xx , Q yy are directed in parallel and perpendicular to the welded seam, 
respectively, and the interference pattern consists of two pairs of mutually 
perpendicular lobes (15) which are schematically presented on the display screen 
(13) (see Fig. 3). In this case, the main stresses Q zx and Q yy are determined from 
simplified theoretical expressions (1) and (2) by using experimentally measured 
normal components of the surface displacements at the hole edge, W x and W y , and 
assuming that the depth of the drilled out hole (h s ) is less or equal to its radius (r s ): 
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where W lx , W 2x are parameters equal to the normal components of the surface 
5 displacement at the hole edge along the X-axis for unity values of stresses applied 
first in the X-axis direction (when determining W lx ) and, then in the Y-axis 
direction (when determining W 2x ), and which is obtained from the theoretical 
dependencies of W 2x , W lx on the ratio between r s and h s under unity stress for the 
studied material. E and E AL are elasticity modules of the studied material and 
10 aluminium, respectively. 

However, the above mentioned method and equipment for determining residual 
stresses have essential drawbacks: 

1) It is necessary to drill holes in the object that is to be investigated for residual 
stresses. Thus the method is a destructive test, and is obviously not acceptable for a 

15 variety of objects and applications. 

2) It is necessary to remove the optical block with holographic interferometer from 
the studied area of the object before drilling out the hole, and to reinstall it with 
extreme precision in its original position. On one hand, this considerably increases 
the time consumption of measurements, thus the evaluation of residual stresses is 

20 not performed not in a real-time scale. And on the other hand, this requires the use 
of extremely fine tuned precision devices for positioning of the optical block on 
the studied area of the object. 

An attempt to eliminate the mentioned drawbacks was made in a device for 
measuring residual stress, described in patent US 5 432 595 to Pechersky. The 
25 device and its operation stages are schematically given in Figs. 4-6. From the 

figures one see that the device has a similar optical block as the device described 
above (Figs. 1-3), but the mechanical block is substituted with a pulse source (16) 
of infrared radiation (IR) and a mirror (17) to direct the IR-pulse to the chosen 
investigation point on the object. 
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The operation of the device also consists of three stages, namely the registration of 
a hologram from the investigation area of the object (see Fig. 4), followed by the 
release of residual stress in the investigation point (see Fig. 5), and finally a 
formation of the interferogram from the studied area (Fig. 6). In this case the 


release of the residual stresses is achieved by heating the investigation point by 
radiating it with the IR-pulse until it reaches the temperature of material transition 
into the plastic state. In contrast to the above mentioned method, this eliminates 
the need for removing the holographic block (1) between the registering of the 
holograms at stage one and three, and consequently obtains an interferogram of the 
investigation area practically instantaneously after performing the IR-irradiation of 
the investigation point, i.e. in real-time scale. 

However, this device and method do also suffer from considerable drawbacks 
which can be summarised as follows: 

1) Deviation of the energy distribution over the area of the IR-pulse from a 
rectangular shape as well as the heat dissipation from the investigation point of the 
object irradiated with the IR-pulse results in a blurring out of the boundaries of the 
spot where the release of residual stresses occurs. This excludes the use of 
expressions (1) and (2) for quantitative evaluation of residual stresses from the 
results on measurement of normal components of surface displacement. It also 
makes it problematic to obtain analytical expressions for subsequent quantitative 
determination of residual stress from the measurement of normal components of 
surface displacement, and makes the assignment of determined residual stress to 
particular point of the object difficult. 

2) Due to the heating of the investigation point up to its transition temperature to 
the plastic state where the residual stresses are released, the action of residual 
stresses localised outside of the heated spot will deform the surface of the object 
not only in the vicinity of the heated spot but also within the spot itself. This is an 
additional confirmation for the above given conclusion that this device does not 
allow the use of the analytical expressions given in equations (1) and (2), since 
these assumes that the stress release occurs in a spot with sharp boundaries and no 
deformation within the region with released stresses. Further, the problem of 
obtaining new analytical expressions for quantitative determination of residual 
stresses is very complicated due to uncertainty in the determination of the 
boundaries of the region of stress release, the transition of the material into the 
plastic state in the region of stress release, and the deformation of the region of 
stress release. This allows one to assume that the considered device can only be 
used, at best, to reveal residual stresses. 

3) Structural changes in the irradiated spot occurs during heating up to the 
transition temperature by the IR-pulse create new stresses. These new stresses 
together with residual stresses localised outside the region of residual stress 
release, should deform the irradiated region and its surroundings as well. Therefore 


it becomes impossible, from the distribution of normal displacement components 
outside the irradiated spot, not only to quantitatively determine the residual 
stresses, but even to determine the directions of the main residual stresses. For 
example, in the case of a welded seam and the previously described device for 
determining residual stresses, the directions of the lobes of the interference pattern 
(15) (see Fig. 3) correspond to directions of main residual stresses. In the present 
device, the interference pattern (around the region of residual stress release of the 
welded seam) is very complicated and differs completely from that presented in 
Fig. 3, thus making it practically impossible to determine the directions of the main 
residual stresses. 


Object of invention 

The main object of the invention is to provide a device and method for performing 
non-destructive real-time determinations of residual stresses in materials by 
holographic interferometry which overcomes the above mentioned drawbacks. 

It is also an object of the invention to provide a device and method for performing 
non-destructive real-time determinations of residual stresses in materials by 
holographic interferometry which is able to release the residual stresses in a region 
with a sharp boundary of the object. 

It is also an object of the invention to provide a device and method for performing 
non-destructive real-time determinations of residual stresses in materials by 
holographic interferometry which makes it possible to employ the simple 
expressions given in equations (1) and (2) to calculate the residual stresses. 


Short description of the figures 

Figure 1 shows an optical scheme and block-diagram of a device for performing 
determinations of residual tensions in objects by the optical holographic 
interferometry technique according to state of the art. The figure shows 
stage one of the determination process, recording of a holographic image of 
the investigation area of the object in its initial state. 

Figure 2 shows a block-diagram of the mechanical block of a device for performing 
determinations of residual tensions in objects by the optical holographic 
interferometry technique according to state of the art. The figure shows 
stage two of the determination process, drilling a hole at the investigation 
point of the object in order to release the residual stresses. 


Figure 3 shows an optical scheme and block-diagram of a device for performing 
determinations of residual tensions in objects by the optical holographic 
interferometry technique according to state of the art. The figure shows 
stage three of the determination process, obtaining an interferogram of the 
investigation area of the object. 

Figure 4-6 show an optical scheme and block-diagram of a device for performing 
determinations of residual tensions in objects by the optical holographic 
interferometry technique according to US patent 5 432 595. Figure 4 shows 
stage one, figure 5 stage 2, and figure 6 stage three of the determination 
process. 

Figure 7 shows an optical scheme and block-diagram of a device for performing 

non-destructive determinations of residual tensions in objects by the optical 
holographic interferometry technique according to this invention. The figure 
shows stage one of the determination process, recording of a reference 
holographic image of the investigation area of the object. 

Figure 8 shows an optical scheme and block-diagram of a device for performing 

non-destructive determinations of residual tensions in objects by the optical 
holographic interferometry technique according to this invention. The figure 
shows stage two of the determination process, non-destructive release of 
residual stresses in the investigation point of the object. 

Figure 9 shows an optical scheme and block-diagram of a device for performing 

non-destructive determinations of residual tensions in objects by the optical 
holographic interferometry technique according to this invention. The figure 
shows stage three of the determination process, obtaining an interferogram 
of the investigation area of the object. 

Figure 10 shows an example of a resulting interferogram of a welded joint of plane 
aluminium plates where a non-destructive release of residual stresses has 
been performed according to this invention. 

Brief description of the invention 

The objectives of the invention can be achieved by the device and method 
disclosed in the appended claims and in the description given below. 

The objectives of the invention can be achieved by exposing a certain region (the 
investigation point) of the investigation area of the object to a "dislocation" release 
of the residual stresses. A preferred way to obtain this is by exposing the 
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investigation point of the object to an electric high-current pulse since this enables 
a very fast release of the residual stresses and eliminates the need to move the 
optical block. During exposure to an electric pulse, an energy transfer from 
directionally travelling electrons to the dislocations occurs, and this phenomena as 
well as the magneto-dynamical effect of the percussion compression of the 
investigation area (in which the electron stream is passing) leads to the directional 
movement of dislocations and to release of residual stresses. The release of 
residual stresses is thus carried out without causing a transition of the material into 
a plastic state, and it can be done in a region with a sharp boundary. Thus, if one 
employs an optical block which may be similar to the optical blocks described in 
the prior art, but which also includes a device for release of residual stresses by 
delivering an electric pulse at investigation point of the surface of the object, the 
drawbacks of the above described devices and methods is avoided. It will also be 
possible to use the world-widely collected experience in calculating the residual 
stresses by using the analytical expressions given in equations (1) and (2), as well 
as results on experimental determination of normal components of the surface 
displacement at the boundary of the region of stress release. 


Detailed description of the invention 

The invention will now be described in more detail with reference to Figures 7-9. 
An optical scheme and block diagram of the claimed device is presented in Fig. 7, 
from which it can be seen that the device consists of an optical block (1) and an 
electronic block for a "dislocation" release of residual stresses. The optical block 
(1) is intended for formation and registration of holograms from an area of the 
object as well as for formation of interferograms of the above area after releasing 
the residual stresses. It consists of a coherent light source (2), a holographic 
interferometer with optical elements (3-4) for formation of a reference- (5) and 
object (6) beam, and a recording medium (7). All components in the optical block 
(1) are rigidly connected with regard to each other. The optical block also contains 
a device (8) for positioning and fixation on the object (10). The electronic block 
for "dislocation" release of residual stresses is intended for non-destructive release 
of residual stresses within a certain area (the investigation area) of an object. The 
electronic block comprises a generator (18) which is able to deliver high-current 
rectangular pulses (pulse parameters are within the range: amplitude 2-10 kA, 
duration 0,005-0,2 s and recurrence frequency 0,1-100 Hz) and an electric current 
supply electrode with clamping device (19) connected to the generator. The base of 
the electric current supply electrode is made as a half-sphere with radius 1,5-5 mm. 
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Both the electric current supply electrode and clamping device are located 
structurally in the optical block (1). 

The claimed method for performing the non-destructive determination of residual 
stresses can, as the methods of prior art, be divided into three stages; registration 
5 of a holographic image of the investigation area of the object in its initial state, 
release of residual stresses in a small region of the investigation area, and 
formation of an interferogram from the investigation area. The interferogram can 
be employed to determine the normal components of the displacement of the 
surface at the boundary of the region with released residual stresses, which in turn 
10 can be employed to calculate the released residual stresses. 

The first stage (see Fig. 7) is in many ways similar to the first stage of the methods 
according to the prior art given above, and will thus not be described further here. 
All we need to know is that a holographic image of the investigation area of the 
object before release of the residual stresses is stored in the recording medium (7) 
15 and that the optical block (1) comprises an electric current supply electrode (19) 
with clamping device raised in its upper position. 

The second state is the release of residual stresses. In this stage (see Fig. 8), the 
electric current supply electrode (19) with clamping device is lowered until 
junction between the investigation point of the object and electrode is established. 
20 Then a pulse of electric current is sent through this junction in order to release the 
residual stresses in a small region (0,5-1 mm) at the investigation point. After that, 
the current-supply electrode with clamping device (19) is raised to its upper 
position. 

In the third stage (see Fig. 9), an interferogram from the investigation area of the 
25 object is formed by simultaneous illumination of the recording medium (containing 
the developed holographic image of the investigation area of the object in its initial 
state) with the reference beam (5) and of the investigation area of the object (after 
release of the residual stresses) with the object beam (6). Thus, there will 
simultaneously be two light waves behind the recording medium (7). One of which 
30 corresponds to the light wave scattered by the investigation area of the object prior 
to release of residual stresses, and the other corresponds to the light wave scattered 
by the investigation area after release of residual stresses. An interferogram of the 
investigation area of the object is formed as a result of the interference between 
these two light waves. The interferogram may be recorded by for example a TV- 
35 camera (12) and sent to a display (13) for investigation. 

As an example, Fig. 10 shows a photograph of an interferogram of a studied area of 
a welded joint between two plane aluminium plates which contains released 
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residual stresses. The interferogram is employed to determine the normal 
components of the displacement of the surface at the boundary of the region with 
released residual stresses. In a selected direction, the normal component of 
displacement of the surface at the boundary of the region with released residual 
5 stresses is equal to the number of interference fringes (observed in the chosen 

direction) multiplied by one-half of the wavelength and divided by the sine of the 
incidence angle of the object beam (6). The residual stresses can be calculated by 
using the above normal components and analytical expressions given in equations 
(l)and (2). 

10 After achieving the interferogram, the device can also be employed to determine 
the sign of the normal component of the surface displacement at the edge of the 
region with released residual stresses by gradually introduce the optical wedge into 
the pathway of the reference beam (5), thus increasing the optical length of the 
reference beam (5). If 5 as this takes place, the number of interference fringes in the 

15 interferogram increases in a chosen direction, then this corresponds to a negative 
sign of the normal component of the surface displacement (the surface 
displacement corresponds to a cavity). Accordingly, if the number of interference 
fringes decreases, then this corresponds to a positive sign of the normal component 
of the surface displacement (surface displacement corresponds to a convexity). 

20 It should be noted that it is practically impossible to distinguish the end of the 

second stage from the beginning of the third stage which starts immediately after 
raising the current supply electrode to its upper position. Also the development of 
the holographic image in the recording medium in the first stage is very fast, in the 
order of 5 milliseconds or less (see applicants corresponding Norwegian 

25 application no. 19995273). Thus a total time consumption for determining residual 
stresses of about 0,1s has been obtained (not including fastening of the optical 
block to the object), which is so fast that one may consider it as a real-time 
measurement. Thus, the device and method according to this invention is also able 
to perform real-time monitoring of residual stresses in solid objects during their 

30 work load. 


Example 

The residual stresses in a welded seam between flat aluminium plates were 
measured. A helium-neon laser (output power 5 mW) provided a coherent light 
beam, and it was employed a recording medium based on an amorphous molecular 
semiconductor AMS-film which is described in the applicants Norwegian 
application no. 19995273. The AMS-film was made up of 92wt% of a co-polymer 
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comprising epoxypropylcarbazole and 5 wt% buthylglycedil ether doped with 
5wt% of 9-(4-dodecyl-oxyphenyl-l 5 3-selenathiol-2-ylidene)-2 5 5 ,7-trinitrofluorene- 
4-carboxylate and 3wt% of hexadecyl-2,7-dinitro-dicyanomethylenfluorene-4- 
carboxylate. 

After registration and development of the hologram of the investigation area of the 
welded seam, the release of residual stresses was performed. For this aim, a pulse 
of electric current with 0,15 s duration and 2 kA amplitude was passed through the 
junction of the current supply electrode with the investigation area of the object. 

A picture of the interferogram from the studied area of a welded joint containing a 
region of released stresses is presented in Fig. 10. As can be seen, the 
interferogram contains two pairs of mutually perpendicular lobes indicating 
directions of the main stresses along (X-axis) and across the welded seam (Y-axis). 
There is a fringe-free spot of 1,4 mm diameter in the centre of the interference 
pattern, which corresponds to the region with released residual stresses. Normal 
components of the surface displacements on the boundary of the region with 
released residual stresses were determined in its crossing points with X- and 
Y-axes using the interference pattern presented in Fig. 10. The main residual 
stresses were calculated by the analytical expressions (1) and (2), which gave 
Q xx =-10,572, Q yy = 2,241 kP/mm 2 . 

These results were checked with measurements on the same weld by traditional 
techniques. These gave an interference pattern which was similar to that presented 
in Fig. 10. The directions of the main stresses determined from the newly obtained 
interference pattern coincided well with that presented in Fig. 10, and measured 
main residual stresses differed only by 20 %. The statistics led to the same results. 
Under repeated measurements of residual stresses in welded seams of flat 
aluminium plates by means of the claimed device and with prior art, the average 
difference between measured residual stresses was the same, 20 %. 

Although this invention has been described in terms of an example and by a 
schematically presentation in "blocks", one should understand that the main scope 
of this invention is a general idea to employ an electric pulse in order to achieve a 
non-destructive release of residual stresses in an area with sharp boundaries of an 
object in such a manner that the need for removing and replacing the optical block 
is eliminated. There are of course numerous ways of supplying and retrieving an 
electrode to the investigation point, and there are also several ways of arranging 
the different components in the optical block. There may also be several other 
ways to supply an electric pulse with the described parameters to the surface of the 
investigation area of the object. These alternatives are obvious for a skilled person 
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in the art, and should therefore be considered as included in the main scope of this 
invention. 


